A viral resistance gene from common bean functions across plant families and is upregulated in a non-virus-specific manner.
P lants defend themselves against pathogen invasion through the action of specific resistance (R) genes and various nonspecific host responses (1, 2) . Genetic studies have established that dominant R genes generally function in a gene-for-gene manner, whereby resistance is afforded based on an interaction between the R gene encoded protein and the cognate pathogen elicitor, commonly referred to as an avirulence (Avr) factor or effector protein (3) . Such interactions trigger a cascade of defense responses (4), leading to pathogen confinement within the initial zone of infection. This defense cascade can also be associated with the development of a localized or, in some cases systemic, hypersensitive response (HR) (5) .
The most well characterized R gene proteins are comprised of an N-terminal coil-coil (CC) or Toll-interleukin-1 receptor (TIR) homology domain, a centrally located nucleotide-binding site (NBS), and C-terminal leucine-rich repeats (LRRs) (6, 7) . Dominant viral R genes characterized to date encode either TIR-NBS-LRR (TNL) (8) or CC-NBS-LRR (CNL)-type proteins (9) (10) (11) (12) (13) . Studies of these genes have been focused primarily on members of the Solanaceae (e.g., tobacco, tomato, and potato) and Arabidopsis (7, 14) .
Genomic studies have established that TNL and CNL R genes are present in the plant genome as multigene families. Arabidopsis and rice have Ϸ150 and 480 such genes, respectively (15, 16) . The size of these gene families may reflect the diversity of pathogen challenge, during plant evolution, as well as the role of these genes in plant signaling processes. Thus, this complexity may reflect the mechanism by which new genes arise in response to various selection pressures. In any event, this combination of genetic conservation and complexity presents a formidable challenge in terms of the identification and characterization of any given member of an R gene family.
In this study, we identified genes involved in a viral resistance response in common bean (Phaseolus vulgaris cv. Othello) using a combination of a viral reporter and reverse transcription (RT)-PCR with degenerate R gene primers. A candidate R gene, RT4-4, a member of the TNL family, was selected for detailed analysis. Screening of RT4-4 transgenic Nicotiana benthamiana lines for viral resistance revealed that, although RT4-4 did not confer resistance to the reporter virus, it activated a resistance-like response (systemic necrosis) to Cucumber mosaic virus (CMV). Further evidence that RT4-4 is a CMV R gene came from our identification of the CMV 2a gene product as the elicitor of the necrosis response. The finding that RT4-4 functions across two plant families and is up-regulated in a non-virus-specific manner, provides insights into the mechanisms by which plants activate the pathogen resistance response.
Results
The general strategy developed to clone viral R genes is outlined in Fig. 1 . A geminiviral-GFP reporter [Bean dwarf mosaic virus (BDMV)-GFP], (17) was used to identify tissues undergoing a defense response in the resistant common bean cv. Othello (18) . Poly(A) ϩ RNA, extracted 4 days after inoculation, was used in the RT-PCR with degenerate primers to amplify domains of putative R genes expressed in these tissues. Degenerate primers were designed based on conserved NBS domains of previously characterized TNL and CNL R genes and included three forward primers and a single reverse primer. These primer pairs directed the amplification of DNA fragments of Ϸ350-500 bp. One such fragment had amino acid sequence identity (Ϸ43%) with the Tobacco mosaic virus (TMV) N gene and was selected for further characterization.
The complete sequence of this gene, referred to as RT4-4, was determined from 5Ј and 3Ј RT4-4 fragments generated with RACE PCR, and a full-length clone was generated by PCR with RT4-4specific primers. Sequence analysis of the RT4-4 gene revealed a 3565 bp ORF encoding a predicted protein of 1,133 aa (Table 1 web site). As some R genes are up-regulated during pathogen challenge, expression of RT4-4 was next examined in hypocotyl tissues of resistant (cv. Othello) and susceptible (cv. Topcrop) common bean cultivars inoculated with BDMV-GFP. RT-PCR and Northern blot analyses of poly(A) ϩ RNA, extracted from infected cv. Othello tissues, revealed up-regulation of RT4-4 expression beginning 2 days after inoculation ( Fig. 2 A and B) . In contrast, little or no expression was detected in hypocotyl tissues of infected cv. Topcrop (Fig. 2C ) or those of cvs. Othello and Topcrop bombarded with gold particles only (data not shown). Southern blot hybridization analysis (high-stringency) of total genomic DNA, with an RT4-4 LRR domain probe, established that cvs. Othello and Topcrop each contained a single copy of this gene (data not shown).
These results indicate that RT4-4 is specifically up-regulated in cv. Othello tissues undergoing the viral defense response.
Role of RT4-4 Gene in Viral Defense.
To determine whether RT4-4 is the dominant R gene mediating BDMV resistance in cv. Othello (19) , agroinfiltration (20) was used for expression in the susceptible cv. Topcrop. Primary leaves were infiltrated with Agrobacterium strains carrying RT4-4 and͞or BDMV in the following combinations: RT4-4 together with BDMV, RT4-4 followed by BDMV (24 h later) or BDMV alone. Irrespective of the treatment, most of the plants developed symptoms typical of BDMV infection (data not shown).
As RT4-4 did not appear to confer resistance to BDMV, it may represent an R gene up-regulated, in a nonspecific manner, during the geminivirus defense response. To test this hypothesis, a functional analysis was next performed by using 35S promoter-driven RT4-4 transgenic N. benthamiana lines to screen for viral resistance. This solanaceous host was chosen because of its susceptibility to a wide range of viruses, including BDMV. Eighteen single-copy lines were selected, based on PCR detection of RT4-4 in T 0 plants and T 1 progeny having a 3:1 ratio of kanamycin-resistant͞-susceptible seedlings. The phenotype of these transgenic plants was indistinguishable from that of the nontransformed controls. Viruses representing four different families͞groups were inoculated onto kanamycin-resistant T 1 RT4-4 transgenic plants. These viruses included a single-stranded (ss) DNA virus (the geminivirus, BDMV), a tripartite ssRNA virus (CMV, a bromovirus), and two different types of monopartite ssRNA viruses [the potyviruses Bean common mosaic virus (BCMV) and Bean yellow mosaic virus (BYMV), and TMV, a tobamovirus]. At least 10 T 1 plants of each of the 18 transgenic lines were sap-inoculated with each virus, and disease development assessed 3 weeks after inoculation. Most transgenic and nontransgenic control plants inoculated with BDMV, BCMV, BYMV, or TMV developed typical disease symptoms (data not shown), indicating no RT4-4-mediated resistance response in the transgenic plants.
A very different situation was observed for CMV. Here, nontransgenic control plants infected with CMV developed typical systemic symptoms, including stunted growth and leaf epinasty, crumpling, and mosaic. In contrast, RT4-4 transgenic plants inoculated with CMV developed a systemic necrosis response, which started in the inoculated leaves and progressed throughout the plant, eventually resulting in death ( Fig. 7 , which is published as supporting information on the PNAS web site). RT-PCR analysis was used to confirm both RT4-4 expression in selected transgenic plants and CMV infection in symptomatic nontransgenic plants ( Fig. 7 ). Genetic analysis of the RT4-4͞CMV interaction revealed a 3:1 ratio of systemic necrosis: mosaic phenotypes, consistent with RT4-4 segregating as a single dominant gene.
RT4-4 Displays Specificity in Recognizing CMV Strains.
Specificity of the RT4-4͞CMV interaction was studied by inoculating kanamycinresistant T 1 RT4-4 transgenic plants with CMV strains representing the three recognized subgroups: Ia, Ib, and II (21) . Strains 113B, 116B, C94T5, Fny, HR2, M, and NB originated from pepper and tomato, whereas strain 67 originated from common bean. All pepper and tomato strains, regardless of subgroup, induced mosaic symptoms in nontransgenic N. benthamiana, and systemic necrosis in the RT4-4 transgenic plants ( Fig. 3 A-D and Table 2 , which is published as supporting information on the PNAS web site). In contrast, the common bean-infecting strain induced mosaic symp- Othello. Tissues undergoing the pathogen defense response were identified by using GFP fluorescence and then excised, and poly(A) ϩ RNA was extracted. Putative R gene fragments were amplified by using RT-PCR with degenerate R gene primers, cloned, and characterized by using standard molecular and genomic approaches. Functional analysis involved transformation of N. benthamiana with candidate R genes (e.g., RT4-4) and screening for resistance to a range of viruses. Cognate pathogen avirulence (Avr) factor(s) were identified through transient expression experiments. Seo toms in both nontransgenic and RT4-4 transgenic N. benthamiana plants ( Fig. 3 E and F) . An equivalent test for CMV strain specificity was next performed with cv. Othello. Here, no visible symptoms developed in plants inoculated with the pepper and tomato strains, whereas the beaninfecting strain induced mild systemic mosaic symptoms ( Fig. 3 G and H and Table 2 ). The results of these assays confirmed that both RT4-4 transgenic plants and cv. Othello plants exhibited the same differential CMV strain-specificity, although the symptom phenotype of the resistance response differed (systemic necrosis vs. no symptoms). These findings support the hypothesis that RT4-4 functions as a CMV R gene.
Defense Response Markers Associated with RT4-4-Mediated Systemic
Necrosis. The typical dominant resistance response is associated with several defense-related events, including rapid induction of active oxygen species, phytoalexin accumulation, and activation of salicylic acid (SA) biosynthesis and pathogenesis-related (PR) genes (4). To determine whether RT4-4-mediated CMV systemic necrosis represents a bona fide defense response, Fny and the bean-infecting CMV strains were inoculated onto leaves of 2-to 3-week-old kanamycin-resistant T 1 RT4-4 transgenic and nontransgenic N. benthamiana plants. Leaves were collected 48 h after inoculation and analyzed for a set of defense response markers.
RT-PCR analysis revealed a strong induction of PR1a, PR2, and chitinase (PR4) gene expression in leaves of RT4-4 transgenic plants inoculated with strain Fny. In contrast, induction was not detected in leaves of transgenic plants inoculated with the bean-infecting strain, nontransgenic plants inoculated with either strain, or in mock-inoculated transgenic or nontransgenic plants ( Fig. 4A) . A biochemical assay for H 2 O 2 revealed accumulation only in leaves of RT4-4 transgenic plants inoculated with CMV strain Fny; H 2 O 2 was not detected in leaves of transgenic plants inoculated with the bean-infecting strain, nontransgenic plants inoculated with either strain, or in mock-inoculated transgenic or nontransgenic plants ( Fig. 4 B-E) . Parallel studies in which we measured SA accumulation revealed up-regulation only in leaves of Fny-inoculated RT4-4 transgenic plants (Fig. 4F ). Taken together, these results support the hypothesis that the systemic necrosis response, induced by CMV in transgenic RT4-4 N. benthamiana, reflects an incompatible host-pathogen defense response. 
CMV 2a Protein Is the Elicitor of the RT4-4-Induced Necrosis Response.
Identification of the viral elicitor (Avr factor) of the CMV-induced systemic necrosis response in RT4-4 transgenic plants would provide another line of evidence that RT4-4 is indeed a CMV R gene. To this end, Agrobacterium-mediated transient expression was used to test CMV-encoded proteins (Fig. 5A) for elicitation of the necrosis response. No obvious symptoms were observed in leaves of nontransgenic plants infiltrated with Agrobacterium strains carrying the empty vector (EV), capsid protein (CP), movement protein (MP), or 2a constructs (Fig. 5B) . Infiltration of the 2a strain into leaves of RT4-4 transgenic plants resulted in cell collapse and death in the infiltrated areas, whereas no such response was observed in equivalent areas infiltrated with the EV, CP, or MP strains (Fig.  5C ). When leaves of nontransgenic plants were coinfiltrated with the RT4-4 Agrobacterium strain and each of the viral genecontaining strains, necrosis was observed only in areas coinfiltrated with the RT4-4 and CMV 2a strains ( Fig. 5 D and E) .
CMV 2a Motif Is Necessary for the Necrosis Response.
Having identified the CMV 2a protein as the elicitor of the RT4-4-mediated necrosis response, we next sought to identify the amino acid residue(s) involved in this recognition. In a previous study, Kim and Palukaitis (22) identified amino acid residues 631 (Phe) and 641 (Ala) of the Fny 2a protein as determinants of a CMV-mediated HR in cowpea. To test the hypothesis that these same residues are involved in our observed CMV-mediated necrosis response, the 2a sequences of the eight CMV strains used in the present study were determined. All of the systemic necrosis-inducing strains had the Phe-631 and Ala-641 residues; however, the bean-infecting strain had Tyr-631 and Ser-641 (Table 2 ). Because the bean-infecting strain failed to elicit the systemic necrosis response in RT4-4 transgenic plants, the role of these two residues in this resistance response was next explored by mutational analysis.
Mutations were introduced into the cloned 2a gene of the necrosis-inducing CMV strain 113B, and each mutant construct was agroinfiltrated into leaves of kanamycin-resistant T 1 RT4-4 transgenic plants. The Ala-641 3 Ser-641 mutant elicited a necrosis response that was indistinguishable from that induced by infiltration of the wild-type 113B 2a, whereas the Phe-631 3 Tyr-631 mutant did not induce necrosis ( Fig. 8 , which is published as supporting information on the PNAS web site). The double mutant, Phe-631 3 Tyr-631 and Ala-641 3 Ser-641, in which both residues were changed to those in the 2a of the bean-infecting strain, also did not elicit the necrosis response. Finally, a phosphorylation mimic mutant (Phe-631 3 Asp-631) failed to elicit any necrosis response. These results indicate that the Phe-631 residue is important in RT4-4-mediated recognition of the CMV 2a.
Discussion
In this report, we identified a viral R gene, RT4-4, from common bean (P. vulgaris) using an approach that optimizes the probability of isolating genes that are up-regulated during pathogen infection. Through the use of a GFP-tagged viral reporter, tissues undergoing the early stages of a viral defense response were identified and used to obtain poly(A) ϩ RNA enriched for transcripts of genes expressed during viral infection. Degenerate primers, designed based on conserved NBS domains of known pathogen R genes (including viral TNL͞CNL R genes), allowed for the amplification of R gene analogues (RGAs) potentially involved in this response. A number of candidate TNL͞CNL RGAs were cloned (Table 1 ) and one candidate gene (RT4-4) was selected for further characterization, based on having homology with a known viral R gene. A functional analysis of this gene was performed in the heterologous host, N. benthamiana, because common bean remains recalcitrant to routine transformation (Fig. 1) .
Sequence analysis revealed that RT4-4 was a typical member of the TNL gene family; however, the functional analysis revealed a number of interesting features. First, RT4-4 was up-regulated in tissues undergoing the viral defense response (Fig. 2 ), but results of coagroinfiltration studies in common bean indicated that it was not the dominant BDMV R gene from cv. Othello (19) . A similar finding came from BDMV infection studies performed in RT4-4 transgenic N. benthamiana. This was not totally unexpected, because it has been established that various factors, such as SA treatment, pathogen challenge, or constitutive expression of transcriptional coactivator binding factor 1c, can nonspecifically activate expression of R genes (23) (24) (25) . Systemic acquired resistance is another example of how a single pathogen can induce broadspectrum activation of defense pathways (26) .
To test the hypothesis that RT4-4 represents an R gene upregulated in a nonspecific manner, the transgenic N. benthamiana plants were inoculated with a range of viruses. These experiments revealed that RT4-4 triggered a defense response (systemic necrosis) upon infection with CMV ( Fig. 3) . Thus, these results provide further evidence for nonspecific activation of R genes during pathogen attack. Additional support for this concept came from our identification of a spectrum of TNL and CNL RGAs expressed during the BDMV defense response (Table 1) . Thus, our results suggest that activation of an R gene by a pathogen may lead to the nonspecific activation of other R genes (e.g., a quorum sensing-type phenomenon). This activation may result in an enhanced defense response, possibly via multiple defense pathways. Several lines of evidence indicate that RT4-4 is a common bean R gene that recognizes CMV. First, hallmarks of the classical pathogen defense response were detected in leaves of RT4-4 transgenic N. benthamiana plants inoculated with CMV ( Fig. 4) . Because CMV typically induces mottle͞mosaic symptoms in this host, these results demonstrate that RT4-4 triggers a CMV defense response in the transgenic plants, which is manifested as systemic necrosis. The specificity of the systemic necrosis for certain CMV strains indicates that it is not a generalized response to viral infection or expression of a heterologous R gene. The latter result is also supported by previous reports of functional expression of heterologous R genes in N. benthamiana in the absence of systemic necrosis (9, 27, 28) .
The capacity to trigger a defense response in N. benthamiana reveals that this legume R gene is functional in a solanaceous genetic background, and that the RT4-4 protein interacts with host factors in the activation of this response. To date, the capacity of R genes to act across family boundaries has been the exception rather than the rule (7, 14) , with most examples of heterologous R gene function being in species within a single family (20, 29) . Our results add to the emerging picture that some R genes can function across plant families (28, 30, 31) , implying that family boundaries may not necessarily impose limits on R gene function(s).
The CMV-induced systemic necrosis response observed in RT4-4 transgenic N. benthamiana contrasts with the symptomless phenotype associated with CMV resistance in common bean cv. Othello. This difference may reflect the nature of the interaction of RT4-4 with host factors and͞or the defense pathways involved. In fact, a range of resistance phenotypes can be observed for a single R gene within a single plant species. For example, in the homozygous condition, the dominant I gene in common bean confers extreme resistance (i.e., a symptomless phenotype) to BCMV; whereas in the heterozygous condition, resistance is associated with necrotic lesions (32) . In contrast, bean plants homozygous or heterozygous for the I gene develop a systemic necrosis resistance response when infected with the closely related potyvirus, Bean common mosaic necrosis virus. Interestingly, a TNL gene family has been associated with the I locus (33) . Similarly, resistance to Soybean mosaic virus mediated by the Rsv1 gene is represented by a range of phenotypes, including systemic necrosis (34) . Furthermore, in N gene-mediated resistance to TMV, a local lesion phenotype typically develops; however, expression of various N gene mutants, in transgenic N. tabacum, triggers a systemic hypersensitive response upon infection with TMV (35) . Hence, the systemic necrosis in RT4-4 transgenic N. benthamiana may reflect a delayed defense response to CMV infection. This hypothesis is supported by the detection of CMV in newly emerging leaves undergoing systemic necrosis, consistent with long-distance spread of the virus. Alternatively, overexpression of RT4-4 in these transgenic plants may overactivate this defense response pathway (36) . In the cognate background of common bean cv. Othello, the symptomless phenotype associated with CMV resistance indicated confinement of the virus to the inoculated leaves and, thus, an extreme resistance phenotype.
Another line of evidence indicating that RT4-4 is a CMV R gene was the strain specificity of the systemic necrosis response in transgenic N. benthamiana. This type of differential response to pathogen strains, or races, is a typical property of single dominant R genes. The finding of the same CMV strain specificity in the capacity to systemically infect cv. Othello supports the hypothesis that RT4-4 mediates CMV resistance in common bean. Additional evidence that RT4-4 functions as a CMV R gene was provided by the identification of the CMV 2a protein as the elicitor (Avr factor) of the RT4-4-mediated necrosis response ( Fig. 5 ) and the identification of Phe-631 as a determinant of 2a-mediated necrosis (Fig.  8) . Consistent with this result, the Phe-631 3 Tyr-631 mutation, identified in the 2a gene of the bean-infecting strain 67, abolished the 2a-mediated necrosis phenotype. Thus, the capacity of strain 67 to systemically infect cv. Othello and not elicit systemic necrosis in the RT4-4 N. benthamiana plants likely reflects the inability of RT4-4 to recognize the 2a protein of this CMV strain. Finally, a role for posttranslational modification in 2a protein recognition, by RT4-4, came from the finding that the CMV 2a phosphorylation mimic mutant failed to elicit the necrosis phenotype (37) . Together, these findings are consistent with results of previous studies that identified the 2a protein as the elicitor of a CMV defense response in cowpea (22) .
In summary, the experimental approach described in this study resulted in the identification and characterization of a viral R gene from common bean that functions across two plant families and is up-regulated in a non-virus-specific manner. Based on its interaction with the CMV 2a protein and its elicitation of a CMV-specific defense response, this gene was named P. vulgaris CMV RESIS-TANCE 1 (PvCMR1). This experimental approach holds promise for providing insights into the mechanisms by which plants activate resistance responses to pathogens, and could facilitate the identification of R genes from a broad spectrum of plant species.
Materials and Methods
RNA Extraction and RT-PCR. Total RNA was extracted from common bean hypocotyl tissues bombarded with BDMV-GFP or gold particles as described (38) . Poly(A) ϩ RNA was purified from total RNA (500 g) with the Oligotex mRNA isolation kit according to manufacturer's instructions (Qiagen, Valencia, CA). The RT reactions were performed with Superscript reverse transcriptase (Gibco BRL, Grand Island, NY) and 5 l of poly(A) ϩ RNA. The PCR was performed with 2-5 l of RT reaction in a total volume of 50 l, for 30-35 cycles of 94°C, 1 min; 55°C, 2 min; and 72°C, 3 min. The negative control reaction was poly(A) ϩ RNA, not subjected to RT, used in the PCR (note that contaminating DNA was not detected in these reactions). PCR products were analyzed by agarose gel electrophoresis in 1.0% Tris-borate EDTA buffer (TBE).
Design of Degenerate Primers for R Gene Analogs.
Three forward primers were generated [kinase-1a (5Ј-GGIGGRRTAGGTA-ARACRAC-3Ј), kinase-2 (5Ј-CTTRTYGTTCTYGATGATGT-3Ј), and kinase-3a (5Ј-AGTARRATYATTATIACIACAMG-3Ј)] and paired with a reverse primer generated from the hydrophobic motif (HM, 5Ј-RARRGCCAAWGGAAGTCC-3Ј). 5 and 3 RACE. RACE was performed with the SMART RACE cDNA amplification kit (Clontech, Palo Alto, CA) according to the manufacturer's instructions. For 5Ј RACE, the nested gene-specific primer was 5Ј-CTTGTTGTTCTTGATGATGTAAGTGAC-3Ј; whereas for 3Ј RACE, the nested gene-specific primer was 5Ј-AGCCAAAGGAAGTCCTCTTGCATATTC-3Ј. The PCR products of each RACE reaction were cloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA), and representative clones were sequenced. Plant Transformation. The full-length RT4-4 sequence was amplified from cDNA prepared from BDMV-GFP-infected cv. Othello tissues, undergoing the defense response (Ϸ4 days after inoculation), by PCR with an RT4-4-specific primer pair (5Ј-GTTAAC-GGAACCAGTGTTATTGCAG-3Ј and 5Ј-ATCGATCAAG-ACACATAATTACATGAA-3Ј). This Ϸ3.6-kb fragment, which contains the RT4-4 sequence and 35 and 180 bp of the 5Ј and 3Ј nontranslated sequences, respectively, was cloned into pCRII-TOPO to generate pCR-RT4-4. The integrity of the RT4-4 sequence was confirmed by sequencing. The RT4-4 DNA fragment was released from pCR-RT4-4 by digestion with BamHI and HpaI and cloned into the binary vector pGA643 (kindly provided by G. An), digested with BglII and HpaI. This process places the RT4-4
